INTRODUCTION {#S1}
============

Splicing is an essential step in eukaryotic precursor messenger RNA (pre-mRNA) maturation. Single nucleotide errors can be lethal to the cell, and anomalous pre-mRNA splicing has been linked to numerous cancers and neurodegenerative disorders.[@R1],[@R2] The spliceosome is a multi-megadalton protein-RNA complex consisting of five small nuclear RNAs (snRNAs U1, U2, U4, U5 and U6) and over 150 proteins.[@R3] It catalyzes splicing and is a critical center for alternative splicing regulation.[@R4] During spliceosomal assembly and catalysis, snRNAs associate with proteins to form ribonucleoprotein complexes (snRNPs), which bind to and dissociate from the pre-mRNA substrate in a highly orchestrated process yielding catalytically competent spliceosomes.[@R5] Splicing consists of two sequential transesterification reactions that produce free lariat intron and ligate two exons into a mature mRNA.

Only U2, U5 and U6 are present in active spliceosomes, but evidence suggests U2 and U6 are directly involved in the first catalytic step. U2 and U6 form an extensive base pair network and directly bind the 5\' splice site and the branch point, positioning them for the first reaction ([Figure 1a](#F1){ref-type="fig"}).[@R6],[@R7] A highly conserved element of U5 has been shown to be dispensable for the first splicing step *in vitro* and in mammalian cell extracts.[@R8],[@R9] Splicing related catalysis has been reported *in vitro* using a protein-free human U2/U6 complex.[@R10],[@R11] Parallels between the structure and catalytic mechanism of the spliceosome and self-splicing group II introns support the idea of a common molecular ancestor and that the spliceosome is a ribozyme.[@R12]--[@R14] However, recent crystal structures of a Prp8 fragment suggest that both protein and RNA are involved in catalysis.[@R15]

The U2/U6 structure has been a matter of debate over recent years. Early *in vivo* genetic studies support a 3-helix structure where the highly conserved AGC triad in U6 forms three base pairs with U2 ([Figure 1b](#F1){ref-type="fig"}).[@R16] Believed to form during catalytic activation, this structure has been proposed as a requirement for both splicing steps.[@R17],[@R18] More recently, NMR studies have shown that in absence of Mg^2+^ ions and proteins, the AGC triad forms intramolecular base pairs that extend the U6 internal stem loop (ISL, [Figure 1a](#F1){ref-type="fig"}), forming a 4-helix structure.[@R19],[@R20] To reconcile these two structures, it has been postulated that each corresponds to a different spliceosomal activation state,[@R21] yet any conformational change has remained undefined. To address this issue, we have used Förster Resonance Energy Transfer (FRET) and single-molecule fluorescence to characterize the structure and dynamics of a protein-free U2/U6 complex from yeast. Our results show that Mg^2+^ ions trigger a large amplitude conformational change that separates the ISL and the ACAGAGA loop ([Figure 1](#F1){ref-type="fig"}). This two-step conformational change contains a previously unobserved obligatory intermediate, where only the first step is strongly Mg^2+^ dependent. Mutations in the highly conserved AGC triad show that helix IB forms only in the lowest FRET conformation, and correlate the observed structural dynamics *in vitro* with previously published mutations linked to activation of the second step *in vivo*.

RESULTS {#S2}
=======

Mg^2+^ induces a large amplitude conformational change {#S3}
------------------------------------------------------

We have developed a labeling strategy that enables us to study the U2/U6 conformational dynamics by FRET and single-molecule fluorescence ([Figure 1c](#F1){ref-type="fig"} and [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). We have incorporated Cy5 (FRET acceptor) at the U6 5\' end (nucleotides 45--70) and a biotin at the U6 3\' end (nucleotides 76--100) for surface immobilization. To assess the dynamics between the ISL and the ACAGAGA loop, we have deleted the U6 pentaloop ([Figure 1a](#F1){ref-type="fig"}, outlined) and labeled U70 with Cy3 (FRET donor). The RNAs were labeled and purified as described (Methods).[@R22] To confirm three-strand complex formation, we used non-denaturing gel electrophoresis ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}, single bands in lanes 4, 7 10 and 11 are reliable indicators of homogeneity), fluorescence and single-molecule microscopy ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). The 4- and 3-helix structures are expected to yield high and low FRET ratios, respectively.[@R16],[@R19]

We first characterized the folding behavior of our fluorophore-labeled U2/U6 complex using bulk solution FRET ([Figure 1d](#F1){ref-type="fig"}) in the presence and absence of Mg^2+^ in standard buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl). Absent Mg^2+^ (black), the donor intensity is lower than the acceptor (FRET = 0.64), indicating that U2/U6 adopts an initial conformation where the ACAGAGA loop and the ISL are in close proximity, as suggested by the 4-helix structure.[@R19] In 40 mM MgCl~2~, the donor intensity increases and the acceptor intensity decreases (FRET = 0.19), indicating that Mg^2+^ ions induce a conformational change separating the ACAGAGA loop and the ISL, as expected for the 3-helix struture.[@R16] Titrating the observed FRET efficiency as a function of \[Mg^2+^\] ([Figure 1e](#F1){ref-type="fig"}) reveals a cooperative decrease in FRET efficiency with increasing \[Mg^2+^\]. This conformational change occurs with a dissociation constant *K*~Mg~ = 3.3 ± 0.7 mM, near the physiological range (\~1 mM),[@R23] and a cooperativity coefficient *n* = 2.2 ± 0.2. These data indicate that U2/U6 acts as a Mg^2+^-dependent conformational switch. The high cooperativity coefficient likely reflects the presence of multiple Mg^2+^ binding sites, in agreement with previous studies that have linked several coordination sites near the highly conserved base U80 in U6, the ACG triad and the ACAGAGA loop ([Figure 1](#F1){ref-type="fig"}) with spliceosomal activation.[@R24]--[@R28]

Single-molecule FRET reveals three dynamic conformations {#S4}
--------------------------------------------------------

Single-molecule FRET (smFRET) uncovers key structural and dynamic information otherwise hidden in ensemble-averaged experiments.[@R29] Here, we have used smFRET to elucidate the folding reaction of the U2/U6 complex ([Figure 2a](#F2){ref-type="fig"}). Characteristic FRET time trajectories of surface-immobilized U2/U6 in 10 and 100 mM Mg^2+^ are shown in [Figures 2b and c](#F2){ref-type="fig"}. The observed FRET efficiency jumps randomly between three different values (\~0.6, \~0.4 and \~0.2), revealing the presence of at least three distinct conformational states in dynamic equilibrium. Based on their FRET ratios, we initially assigned the high-FRET state to the 4-helix structure (N),[@R19] the low-FRET state to the 3-helix structure (G) and the mid-FRET state to a previously unobserved folding intermediate (I, [Figure 1c](#F1){ref-type="fig"}).

FRET histograms from the trajectories ([Figures 2b and c](#F2){ref-type="fig"}, right panels) reveal that I and G are the predominant states at high \[Mg^2+^\] (\>10 mM), and N is only transiently populated. The high FRET state becomes more apparent at \[Mg^2+^\] \< 10 mM ([Figure 2d](#F2){ref-type="fig"}). Among the \>3,200 transitions observed, only 40 (1.2%) go directly from N to G. In these instances, the dwell time in the I state may be shorter and than our 33 ms time resolution, which is direct evidence that I is an obligatory intermediate. Based on our single-molecule measurements, we propose a two-step folding pathway for the U2/U6 complex ([Figure 1c](#F1){ref-type="fig"}).

Mg^2+^ ions influence the U2/U6 structural dynamics {#S5}
---------------------------------------------------

To assess the effect of Mg^2+^ ions on the U2/U6 folding dynamics, we measured smFRET histograms between 0 and 40 mM \[Mg^2+^\] ([Figure 2d](#F2){ref-type="fig"}). These histograms, built from over 100 trajectories each, show how Mg^2+^ ions modulate the folding dynamics of the U2/U6 complex. Absent Mg^2+^ (top panel), most molecules exist in the high FRET state, and only a small fraction adopts the intermediate FRET conformation. Increasing the \[Mg^2+^\] to 5 mM (second panel) shifts some of the high FRET population into the intermediate FRET. In 10 mM Mg^2+^ or higher (bottom panels), the high FRET state becomes more transiently populated and virtually disappears. Only brief excursions to the high FRET state are observed at these concentrations, and the U2/U6 molecules spend most of their time in the intermediate and low FRET states. The average FRET values of the single-molecule results overlay the ensemble-averaged results within the calculated standard deviation ([Supplementary Figure 2f](#SD1){ref-type="supplementary-material"}), indicating that surface-immobilization does not appreciably affect the U2/U6 folding dynamics.

Interestingly, the high FRET peak gradually shifts from \~0.95 at 0 mM Mg^2+^ to \~0.6 at 40 mM Mg^2+^. Such smooth changes in FRET distributions are usually an indication that multiple dynamic states are present in solution, but their dynamics are faster than our time resolution.[@R30] This idea is further corroborated by the broad distributions with flat shoulders at 0 and 5 mM Mg^2+^ ([Figure 2d](#F2){ref-type="fig"}). A similar behavior has been previously reported for the Diels-Alderase ribozyme.[@R31] It is possible that in low \[Mg^2+^\] the AU-rich helix III is partially unwound ([Figure 1a](#F1){ref-type="fig"} and [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}), yielding the 0.95 FRET value. As \[Mg^2+^\] increases, helix III forms and effectively distances the U6 5\' end from the ISL, yielding the 0.6 FRET value. The highly dynamic time trajectories observed below 5 mM Mg^2+^ ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}), as well as previously reported Mg^2+^ binding sites in this region,[@R24],[@R28] support this.

Dwell time analysis determines the rates of folding {#S6}
---------------------------------------------------

We have determined the folding rate constants *k*~1~, *k*~−1~, *k*~2~ and *k*~−2~ ([Figure 1c](#F1){ref-type="fig"}) for \[Mg^2+^\] = 5--100 mM. Below this range, dwell times were unidentifiable due to the highly dynamic time trajectories (see above). At 40 mM \[Mg^2+^\], the dwell time distributions can be readily fitted with single exponential decays to yield pseudo first order rate constants ([Figure 3a](#F3){ref-type="fig"}, [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). Transitions out of the I state were divided into two categories depending on their final state: those that returned to N were used to determine *k*~−1~, while those that moved on to G were used to determine *k*~2~.[@R13] The resulting rate constants and their Mg^2+^ dependence are shown in [Figure 3b](#F3){ref-type="fig"}.

These data explain how Mg^2+^ ions affect the U2/U6 folding dynamics and how to interpret them in terms of a folding potential energy surface comprising three minima (N, I and G) separated by two transition states ([Figure 3c](#F3){ref-type="fig"}). Between 5 and 100 mM Mg^2+^, *k*~1~ decreases 3-fold while *k*~−1~ decreases 18-fold. The large decrease in *k*~−1~ indicates that Mg^2+^ ions preferentially stabilize I relative to the first transition state, leaving N approximately unchanged. Between 7 and 100 mM Mg^2+^, *k*~2~ and *k*~−2~ decrease only 4- and 3-fold, respectively, indicating that I, G and the second transition state are similarly stabilized by Mg^2+^ ions.

Helix IB forms in the low FRET state {#S7}
------------------------------------

To test for the presence of helix IB in the low FRET conformation (G), we designed a six-fold mutant that prevents helix IB formation while maintaining the stability of the extended ISL ([Figure 4a](#F4){ref-type="fig"}), because the identity of junction-closing base pairs can affect the junction stability and dynamics.[@R32] An ensemble-averaged Mg^2+^ titration shows that these mutations do not affect *K~Mg~*, but the observed FRET ratio at high \[Mg^2+^\] is higher than the wild-type ([Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). The absence of the 0.2 FRET state in the single-molecule trajectories and corresponding FRET histogram ([Figure 4a](#F4){ref-type="fig"}) support our initial assignments. Dwell time analysis of this mutant shows that *k*~1~ and *k*~−1~ are within two-fold of the wild-type ([Supplementary Figure 5c](#SD1){ref-type="supplementary-material"}), showing that this mutation does not affect the first step of folding.

Helix IB formation can be favored by the U6 mutation A91G, extending helix II by one base pair and stabilizing it relative to stem I in U2 ([Figures 1a](#F1){ref-type="fig"} and [3b](#F3){ref-type="fig"}, Halsig, J., Sashital, D.G. and Butcher, S.E., University of Wisconsin, Madison, personal communication). The trajectories clearly show that excursions to the low FRET state last longer than in the wild-type, and the corresponding smFRET histogram reveals a larger low FRET peak than the wild-type. Dwell time analysis shows that *k*~1~, *k*~−1~ and *k*~−2~ are very similar to the wild-type, but *k*~2~ is 60-fold faster, in agreement with these observations ([Supplementary Figures 5d and e](#SD1){ref-type="supplementary-material"}).

Taken together, these results show that the second folding step corresponds to a spontaneous intramolecular junction migration from I to G. The viability of the six-fold mutant has never been tested *in vivo*, but mutations that block helix IB formation can be lethal for the cell,[@R16],[@R17] thus raising the interesting possibility that the observed dynamics *in vitro* are linked to spliceosomal activation *in vivo*.

The structural dynamics correlate with splicing activation {#S8}
----------------------------------------------------------

To test the role of the observed dynamics in spliceosomal activation, we used previously published mutations. The U6 mutation A59C ([Figure 3c](#F3){ref-type="fig"}) has been shown to prevent helix IB formation and block the spliceosome between the two splicing steps *in vivo*.[@R17] The U2 compensatory mutation U23G ([Figure 3d](#F3){ref-type="fig"}) restores base-pairing in helix IB and rescues the second step of splicing.

We have tested the effect of these mutations on the structural dynamics of U2/U6 in 40 mM Mg^2+^. The trajectories for A59C show an effect on both the junction structure and its dynamics ([Figure 3c](#F3){ref-type="fig"}). The low FRET states (I and G) disappear, and a new state (\~0.30 FRET) replaces them. Two possible scenarios likely explain these results. The junction mutation may disrupt the junction structure, trapping it in an intermediate conformation with the U6 5\' end pointing in an intermediate direction, explaining the observed FRET ratio. Alternatively, the mutation may accelerate the junction dynamics faster than our time resolution, making the two FRET states appear as single state with an average FRET value between 0.2 and 0.4.

The trajectories for the compensatory mutation clearly show the rescue of the low FRET state and the structural dynamics ([Figure 3d](#F3){ref-type="fig"}), in agreement with the *in vivo* experiments. Interestingly, the FRET histogram shows that the intermediate state FRET ratio is 0.32, indicating that the disrupted junction structure, rather than the averaged fast dynamics, is the most likely explanation for the A59C mutant intermediate FRET ratio. Additionally, bulk titrations show that *K~Mg~* of A59C is nearly 4-fold higher than the wild-type, and the high \[Mg^2+^\] FRET ratio is higher than the wild-type ([Supplementary Figure 5](#SD1){ref-type="supplementary-material"}), supporting the single-molecule results. The compensatory mutant *K~Mg~* and FRET ratio are in excellent agreement with the wild-type.

These results link the observed structural dynamics of the U2/U6 complex to a conformational rearrangement prior to the second splicing step, suggesting that junction dynamics may contribute to successful splicing *in vivo.*

U80 is involved in high FRET state stabilization {#S9}
------------------------------------------------

The U6 base U80 is highly conserved and has been involved in binding a metal ion important for catalysis.[@R26] To assess its role in the U2/U6 folding dynamics, we deleted and mutated it to A, G or C ([Figure 5](#F5){ref-type="fig"} and [Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). The U80G mutation and deletion are lethal in yeast, while U80A and C are viable.[@R33] The Mg^2+^ binding affinity for U80A and C mutants shows excellent agreement with the wild-type, while the U80G mutation and deletion reveal two significant differences ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). The initial, low \[Mg^2+^\], FRET value is lower, indicating the absence of the high FRET conformation (N), and the cooperativity coefficient decreases to 1.1 ± 0.1, indicating the loss of a Mg^2+^ ion binding site. All titrations converge to similar high \[Mg^2+^\], low FRET values, and all the *K~Mg~* are within 2-fold of the wild-type. The corresponding 5 mM Mg^2+^ smFRET histograms ([Figure 5](#F5){ref-type="fig"}) show that the broad distribution characteristic of the high FRET conformation disappears for the U80G mutation and deletion, while it remains present in both the U80A and C mutants. In 40 mM Mg^2+^, however, the histograms are similar for all mutants ([Figure 5](#F5){ref-type="fig"}). The centers of the intermediate FRET distributions for the U80 deletion and U80G mutant shift to 0.43 and 0.47, respectively, indicating that the ISL bends differently in these mutants. A comparison of the NMR structures of the wild-type ISL and the U80G mutant shows a \~12 Å displacement of U70 (location of Cy3), supporting this idea.[@R33],[@R34]

One possible explanation for these results is that U80 is involved in a key tertiary contact stabilizing the high FRET conformation and not the intermediate and low FRET states. U80 deletion prevents the formation of this contact, destabilizing the high FRET conformation and causing its disappearance from the histograms. Similarly, U80G results in the C67--G80 base pair, preventing the putative tertiary contact formation. Conversely, U80A and C do not disrupt the C67--A79 wobble pair, allowing the tertiary contact to take pace, and the high FRET distribution is recovered in the histograms. A likely partner for this interaction may be located in the ACAGAGA loop. To test this, we mutated the U2 bases 31--36 to replace the ACAGAGA loop with a double stranded helix ([Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). The corresponding bulk titration and single-molecule experiments in 5 mM Mg^2+^ also show the disappearance of the high FRET conformation. These results show that the high FRET state (N) is stabilized by a tertiary interaction involving U80 and the ACAGAGA loop. The presence or absence of the high FRET conformation in all these mutants correlates well with viable or lethal mutations in yeast, supporting the idea that the *in vitro* dynamics may be important for splicing *in vivo*.

DISCUSSION {#S10}
==========

The U2/U6 complex lies at the heart of the catalytic core of the eukaryotic spliceosome, but its structure has been highly debated. Here, we have used smFRET to show that this important RNA complex acts as a Mg^2+^-dependent conformational switch that can adopt at least three distinct conformations. This supports the hypothesis that U2/U6 adopts multiple conformations at various splicing stages,[@R21] which may or may not reflect the presence of unique active sites for each step.[@R35]

In the high FRET conformation (N), the AGC triad extends the ISL as predicted for the 4-helix structure,[@R19] and the ACAGAGA loop and U80 in the ISL are brought in close proximity by a stabilizing tertiary contact. Because of the expected relationship between these three regions during the first splicing step, it is possible that this conformation resembles the active conformation. The recent Group II intron ribozyme crystal structure provides a framework for this scenario ([Supplementary Figure 8](#SD1){ref-type="supplementary-material"})[@R14]. In this structure, C~358~G~359~C~360~ (proposed equivalents of the AGC triad) are clearly base paired with G~383~U~384~G~385~, extending domain 5 (proposed equivalent of the U6 ISL). The C360--G383 base pair forms a triple with C377 (proposed equivalent of U80), which in turn stacks on G288 from J2/3 (proposed equivalent of the ACAGAGA loop). G288 also forms a triple with G359 and U384. Our U80 mutant results support the idea that these interactions also take place in the high FRET conformation of the U2/U6 complex. In the crystal structure, O2 in U80 is a hydrogen bond acceptor in the base triple. The same O2 in U80C and N3 or N7 in U80A could play a similar role in the mutants.

In the mid FRET conformation, the AGC triad still forms the extended ISL (4-helix structure),[@R19] but the tertiary contact between the ACAGAGA loop and U80 is no longer formed, as its stability does not depend on the U80 mutations. Our current data, however, do not allow us to conclude whether this conformation plays a more direct role in splicing.

In the low FRET conformation, a junction migration takes place, resulting in the formation of helix IB (3-helix junction).[@R16] The U80 mutants do not affect its stability, indicating that the ACAGAGA loop and U80 are not in direct contact. A recent paper has shown that helix I is important for both steps of splicing and that a conformational rearrangement must precede each step.[@R18] This result is in agreement with our mutational data that link the formation of the low FRET conformation to an activating step between the first and second splicing steps. It is tempting to hypothesize that the observed structural dynamics also play an activating role in the first splicing step, however the mutations tested here do not provide enough support for this conclusion.

The role of Mg^2+^ ions at different stages of spliceosomal activation and catalysis has been established by experiments using phosphorothioate substituted RNAs.[@R25],[@R26],[@R36],[@R37] A key sensitive nucleotide is the phylogenetically conserved U80, which suggests either that this base plays a direct role in catalysis or is at least involved in a closely related step.[@R26] Phosphorothioate substitutions in the 5\' and 3\' splice sites also involve Mg^2+^ ions in both splicing steps by activating the nuc-leophilic attack and stabilizing the leaving groups,[@R25],[@R36] and suggest the presence of a Mg^2+^-dependent conformational change specific to the second step of splicing.[@R36],[@R37] We propose that this Mg^2+^-induced conformational change corresponds to the one observed here. Based on this, however, one might expect an inverse effect, whereby Mg^2+^ ions would preferentially stabilize the high FRET structure. In the presence of essentially a constant supply of Mg^2+^ ions *in vivo*, it is possible that the role of at least some of the spliceosomal proteins is to adjust the relative stability of these conformations to time the U2/U6 structural dynamics for accurate and efficient splicing.

We removed the highly conserved U6 ISL loop, but in accordance with a previous genetic study, in which the ISL was extended by one base pair, we do not expect this loop to significantly affect the structure of U2/U6 *in vitro*.[@R38] Nonetheless, we have tested the effect of this deletion on the U2/U6 structural dynamics using a two-strand construct ([Supplementary Figure 9](#SD1){ref-type="supplementary-material"}). Our results show that the two constructs behave almost identically. The three-strand construct, however, offers greater efficiency of synthesis, labeling and purification, and will facilitate future mutational studies.

We have recently elucidated the folding pathway of a self-splicing group II intron ribozyme, which has structural and catalytic similarities to the spliceosome.[@R13] Its pathway also involves obligatory intermediates and is dominated by a Mg^2+^ capture step that activates junction dynamics for catalysis. The similarities between the U2/U6 structural dynamics and those of the group II intron ribozyme now expand the parallels between these two enzymes and suggest the existence of evolutionarily conserved structural dynamics.

ONLINE METHODS {#S11}
==============

RNA Preparation and Purification {#S12}
--------------------------------

There are 3 strands of RNA forming the U2-U6 complex in our construct ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}): U6-1 (5\'-Cy5-AUA CAG AGA UGA UCA GCA GUU CCC CU-Cy3-3\'), U6-2 (5\'-AGG AUG AAC CGU UUU ACA AAG AGA UUU AU-Biotin-3\') and U2 (5\'-AUC UCU UUG CCU UUU GGC UUA GAU CAA GUG UAG UAU-3\'). We purchased all the RNA samples from Keck Foundation Biotechnology Resource Laboratory at Yale University School of Medicine (New Haven, CT), and purified as described.[@R39] These RNA samples have 2\'OH protection groups that we removed by a 2\'OH deprotection reaction according to the manufacture\'s protocol. We purified the deprotected RNA by denaturing gel electrophoresis (20% polyacrylamide and 8 M urea) and diffusion elution with elution buffer (0.5 M NH~4~OAc and 0.1 mM EDTA) at 4°C overnight. We further purified the RNA by chloroform extraction, ethanol precipitation, and C8 reverse-phase HPLC. The manufacturer labeled the 5\' end of U6-1 with Cy5 during the RNA synthesis and attached a C7 amino linker to the 3\' end, enabling the labeling of a Cy3 to 3\' end for our FRET studies. During the 3\'-labeling reaction, we mixed the Cy5-labeled RNA with Cy3 dye (GE Healthcare) in labeling buffer (100 mM Sodium tetraborate, pH 8.5). We kept this reaction mixture overnight at room temperature. We purified the doubly labeled samples by ethanol precipitation and reverse phase HPLC. We determined the RNA concentrations by UV-Vis absorbance at 260 nm.

Steady-State FRET {#S13}
-----------------

We carried out the steady-state FRET measurements of the doubly labeled U2--U6 complex in a spectrofluorometer (Cary Eclipse, Varian Inc., Palo Alto, CA). We excited Cy3 at 550nm (10 nm bandwidth) and measured the Cy3 and Cy5 emission intensities (*I~Cy3~* and *I~Cy5~*) at 565 nm and 665 nm (5 nm bandwidth), respectively. We calculated the relative FRET efficiencies as FRET = *I~Cy5~*/(*I~Cy3~* + *I~Cy5~*). We first denatured a 130 μL solution with 250 nM U6-1, 500 nM U6-2 and 1 μM U2 in standard buffer (50 mM Tris-HCl, pH 7.5, 100mM NaCl and 25mM DTT) by heating at 90 °C for 2 min and then slowly annealed it at room temperature for 20 minutes. After this we scanned the RNA-only solution. We added manually 10 μL aliquots of varying concentrations of MgCl2 to the RNA. After 2 min equilibration, we measured the final FRET value. We obtained the Mg^2+^ dissociation constant (*K~Mg~*) and cooperativity coefficients (*n*) by plotting FRET as a function of Mg^2+^ concentration and fitting to the modified Hill equation: $\mathit{FRET} = \mathit{FRET}_{0} - \left( \mathit{FRET}_{0} - \mathit{FRET}_{\infty} \right)\left( \left\lbrack \mathit{Mg}^{2 +} \right\rbrack^{n}\slash\left( K_{\mathit{Mg}}^{n} + \left\lbrack \mathit{Mg}^{2 +} \right\rbrack^{n} \right) \right)$

Single-molecule FRET {#S14}
--------------------

Single molecule experiments were performed as described.[@R22] We annealed the three RNA strands ([Fig. 1a](#F1){ref-type="fig"}) at 1 μM concentration in standard buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl) and variable \[Mg^2+^\]. We heated a 10 μL solution to 90°C for 45 sec before cooling at room temperature over 15 min. We diluted the annealed biotinylated and fluorophore-labeled complex to 25 -- 50 pM concentration and bound the RNA to a streptavidin-coated quartz slide surface via the biotin-streptavidin bridge to generate a surface density of \~0.1 molecules per μm^2^. We The excited the donor fluorophore in a home-built total internal reflection microscope with a laser (532 nm, 3 mW, Spectra-Physics Excelsior, Mountain View, CA). We separated the donor and acceptor emission using appropriate dichroic mirrors (610DCXR, Chroma, Rockingham, VT), and detected it as two side-by-side images on a back-illuminated electron-multiplied CCD camera (Andor I-Xon, South Windsor, CT). We measured the individual donor (*I~D~*) and acceptor (*I~A~*) intensities by integration of their relative spot intensities. We used the donor (*I~D~*) and acceptor (*I~A~*) fluorescence signals of optically resolved single molecules (characterized by single-step photobleaching) to calculate the FRET ratio as *I~A~*/*(I~A~* + *I~D~)*, and followed it in real time for each molecule. The resulting FRET time trajectories are essentially recorded movies of the molecular motion of the U2/U6 complex, which enable us to study its conformational dynamics. We performed measurements under variable \[Mg^2+^\] (0 -- 100 mM) at 22°C, with an oxygen scavenging system consisting of 10% (wt/vol) glucose, 2% (vol/vol) 2-mercaptoethanol, 750 μg ml^−1^ glucose oxidase, and 90 μg ml^−1^ catalase to reduce photobleaching, with and without trolox (Sigma). We then calculated the dwell times of each folding event, constructed histograms, and determined the folding rate constants, as described.[@R13],[@R22]

Fluorescence Based Gel Mobility Assay[@R40] {#S15}
-------------------------------------------

We performed 15% non-denaturing polyacrylamide (29:1acrylamide: bisacrylamide ratio) gel electrophoresis in 20 mM NaOAc, 20 mM Tris-acetic acid (pH6.5) and 40 mM Mg(OAc)~2~ using low-fluorescence glass plates. We heated 10 pmol doubly labeled RNA samples at 90 °C for 45 seconds and cooled down to room temperature in standard buffer. We equilibrated the acrylamide gel was for 15 minutes at 4 °C before loading. immediately after loading the samples on the gel, we applied a constant electric field (6 V cm^--1^).After electrophoresis for 8 hrs at 4 °C, we scanned the gel in a Typhoon 9210 Variable Model Imager (GE Healthcare), and analyzed with ImageQuant software (Amershan Bioscience). For color calibration purposes we used RNAs labeled with only Cy3 and Cy5. We used the Fluorsep software (Amershan Bioscience) to overlay the Cy3 and Cy5 gel images. Cy3 and Cy5 emissions appear as green and red, respectively.

Supplementary Material {#SM}
======================
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![(**a**) Secondary structure model of the spliceosomal snRNAs U2/U6 from *S. cerevisiae* with an intron bound.[@R19] Highly conserved residues in U6 (ACAGAGA loop, AGC triad and U80) are highlighted in red. U2 residues involved in helix IB formation are highlighted in grey. The U6 ISL pentaloop (outlined residues G71--A75) was deleted to facilitate construct labeling. (**b**) Proposed structure of helix IB. (**c**) Proposed folding reaction pathway for the U2/U6 complex (rates measured at 40 mM Mg^2+^, units are s^−1^). At least three distinct conformations are observed for the U2/U6 snRNA complex: a high FRET conformation that resembles the 4-helix structure (N), a low FRET conformation that resembles the 3-helix structure with helix IB (G), and a previously unobserved folding intermediate (I). (**d**) Mg^2+^-induced conformational change in the U2/U6 spliceosomal complex. Fluorescence emission spectra of the fluorophore labeled U2/U6 complex, in the absence (black) and presence (grey) of Mg^2+^ ions. The donor fluorophore (Cy3) emits at 565 nm and the acceptor (Cy5) at 665 nm. Mg^2+^ ions decrease the acceptor emission and increase the donor emission, revealing the presence of a conformational change. (**e**) Calculated FRET ratio as a function of \[Mg^2+^\]. The line is a fit to a modified Hill equation (*K*~Mg~ = 3.0 ± 0.2 mM and *n* = 2.2 ± 0.2).](nihms-139261-f0001){#F1}

![Single-molecule FRET reveals a three-state folding pathway. **(a)** Schematic diagram of the single-molecule experiments. The RNA complex is surface-immobilized via a biotin-streptavidin bridge. The fluorophores are excited in a prism-based total internal reflection microscope. Fluorescence is collected by the objective and monitored with a CCD camera. (**b** and **c**). Single-molecule FRET time trajectories in 10 and 100 mM Mg^2+^. The different conformations (N, I and G) can be identified by their FRET ratios (\~0.6, \~0.4 and 0.2) in the corresponding FRET histograms. (**d**) Mg^2+^ ions modulate the stability of the U2/U6 conformations. Each panel corresponds to an average smFRET histogram from \>100 single-molecule trajectories as a function of \[Mg^2+^\], as indicated. In the absence of Mg^2+^, a high FRET state predominates the histogram. As \[Mg^2+^\] increases, the 0.4 and 0.2 FRET states become more populated.](nihms-139261-f0002){#F2}

![Mg^2+^ dependence of the folding rate constants for the U2/U6 complex. **(a)** Dwell time distributions in the N (top) and I (bottom) conformations in 40 mM Mg^2+^. The distributions are fit to single exponential decays to yield the pseudo first order rates *k*~1~ and *k*~−1~, respectively. **(b)** Mg^2+^ dependence of *k*~1~ and *k*~−1~ (top) and *k*~2~ and *k*~−2~ (bottom). **(c)** Schematic diagram of the folding potential energy surface for the protein-free U2/U6 spliceosomal complex from yeast. In the absence of Mg^2+^ (black), the high FRET state (N) is the most stable. Upon addition of Mg^2+^ ions (green), the previously unobserved mid-FRET intermediate (I) becomes more stable, while N and the first transition state (‡~1~) remain approximately constant. This is evidenced by the large decrease in *k*~−1~ and not in *k*~1~. Meanwhile, the low FRET state (G) and the second transition state (‡~2~) are also similarly stabilized, as evidenced by the mild Mg^2+^ dependence of *k*~2~ and *k*~−2~.](nihms-139261-f0003){#F3}

![Mutations in the AGC triad (red) show that helix IB forms only in the low FRET state. **(a)** Single-molecule trajectory of a six-fold mutant in the U6 snRNA with a base-flipped AGC triad that prevents formation of helix IB. The low FRET state is never observed in the trajectories or in the corresponding FRET histogram (right). **(b)** Single-molecule trajectory of an A91G mutant in the U6 snRNA previously shown to stabilize the formation of helix IB. Excursions to the low FRET state last longer, and the corresponding peak in the FRET histogram (right) is larger. **(c)** Single-molecule trajectory of an A59C mutant in the U6 snRNA that blocks the second step of splicing *in vivo*. Neither the 0.4 nor 0.2 FRET states are observed in the corresponding trajectories. The FRET histogram (right) reveals the presence of a new state with intermediate FRET (\~0.3). **(d)** A U23G mutation in the U2 snRNA rescues formation of helix IB in the presence of the U6 A59C mutation. The single-molecule trajectories and corresponding histograms show the recovery of the 0.4 -- 0.2 FRET dynamics *in vitro*. All measured in 50 mM Tris-HCl, pH 7.5, 100 mM NaCl and 40 mM MgCl~2~. The structures on the left are intended only to show the location of the mutations.](nihms-139261-f0004){#F4}

![smFRET histograms for the U80 mutations (U80Δ, U80G, U80A and U80C) in 5 and 40 mM Mg^2+^, as indicated. The U80 deletion and G mutation result in the disappearance of the high FRET conformation in the low \[Mg^2+^\] histogram, but do not affect the intermediate and low FRET conformations in the high \[Mg^2+^\] histogram. The smFRET histograms for the U80A U80C are similar to the wild-type. These results indicate that U80 is involved in a functionally important tertiary contact that stabilizes the high FRET conformation.](nihms-139261-f0005){#F5}
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